Interfacing quantum optical and solid state qubits 
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We present a generic model of coupling quantum optical and solid state qubits, and the corre- 
sponding transfer protocols. The example discussed is a trapped ion coupled to a charge qubit 
(e.g. Cooper pair box). To enhance the coupling, and achieve compatibility between the different 
experimental setups we introduce a superconducting cavity as the connecting element. 



Significant progress has been made during the last 
few years in implementing quantum computing propos- 
als with various physical systems lj. Prominent exam- 
ples are quantum optical systems, in particular trapped 
ionsQ and atoms in optical lattices^, and more recently 
solid state systems, such as Josephson junctions 0,0 and 
quantum dotsQ. Among the recent experimental high- 
lights are demonstration of, or first steps towards coher- 
ent control and read out of qubits, engineeringof entan- 
glement, and simple quantum algorithms fj[ RlflL flClL Hll| . 
Based on this progress, the question arises to what ex- 
tent hybrid systems 01 can be developed with the goal 
of combining advantages of various approaches, while 
still being experimentally compatible. At the heart of 
this problem are questions of interfacing quantum-optical 
qubits and solid state systems: this can be either in a 
form where quantum-optical qubits are connected via a 
solid state data bus as a route to scalable quantum com- 
puting, or by reversibly transferring a quantum optical 
to solid state qubits and circuits. 

Below we will discuss a generic physical model and 
corresponding protocol for interfacing a quantum-optical 
and solid state charge qubit. On the quantum optics side, 
qubits are typically represented by long lived internal 
(nuclear) spin states of single atoms or ions|l3|. These 
single atoms can be trapped and laser cooled. External 
fields, provide a mechanism to manipulate the qubit, as 
well as to entangle the qubit with the motional state of 
the trapped particle. In the case of trapped ions this 
allows one to convert spin (the qubit) to charge superpo- 
sitions, either dynamically, e.g. by kicking with a laser, 
or quasi-statically by applying spin-dependent (optical 
or magnetic) potentials. This spin to charge conversion 
provides a natural capacitive coupling to a solid state 
charge qubit, represented e.g. by a Josephson junction^] 
or a charged double quantum dot0|. Instead of direct 
coupling of the charges, one can introduce auxiliary ele- 
ments, such as cavities. This serves the purpose of allow- 
ing increased spatial separation and mutual shielding of 
the systems, with the goal of easing experimental require- 
ments for coexistence of the hybrid qubits (e.g. trapping 
and laser manipulation of atoms or ions), while enhanc- 
ing the coupling strength in comparison with free space. 
Features of this hybrid system are the significantly differ- 
ent time scales of the evolution and coupling of the two 



qubits, and (in comparison with quantum optical qubits) 
short decoherence time of the solid state systems. We ex- 
ploit this by developing a protocol of a "fast swap" with 
kicking by short pulses on a time scale comparable to 
the charge - charge coupling which is much shorter than 
the trap period. This has the additional benefit of be- 
ing a hot gate, i.e. not requiring cooling to the motional 
ground state, and not making a Lamb-Dicke assumption 
of strong confinement. 

Model for coupled qubits. A Hamiltonian for our com- 
bined system has the form H t = H s + H q + Hi nt with 
Hamiltonian for the quantum optical qubit 



V 2 



the solid state charge qubit, 



H - —<7 q + —a q 



and interaction term 



H int = hn(t)xa q z 



h.c 

(1)' 

(2) 
(3) 



The first term in H s describes the ID-motion of a 
charged particle (ion) in the harmonic trapping poten- 
tial with x the coordinate, p x the momentum and ui v the 
trapping frequency. A pseudo-spin notation with Pauli 
operators of describes the atomic qubit. Physically, the 
qubit is represented by two atomic ground state levels 
which are coupled by a laser induced Raman transition 
with Rabi frequency LUn(t) and detuning 8q. Transitions 
between the states are associated with a momentum kick 
Ski due to photon absorption and emission, which couples 
the qubit to the motion at the Rabi frequency o;R(t)[l5j|. 

The Hamiltonian for the solid state charge qubit has 
the generic form J5J with of the Pauli operators, and 
E z and E x being tunable parameters. A Hamiltonian of 
this form is obtained, for example, for a superconducting 
charge qubit, i.e. a superconducting island connecting 
with a low capacitance and high resistance tunnel junc- 
tion (see Fig.nfa)). With a phase (f and its conjugate h, 
the Hamiltonian is H q = E c (n + C g V g /2e) 2 — Ej cos 
where Ej is the Josephson energy and E c is the capaci- 
tive energy with E c ^> Ej. The gate voltage V g controls 
the qubit through the gate capacitor C g . The qubit forms 
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an effective two level system with charge states |0) = |n) 
and |1) = \n + 1), and E z = E c (C g V g /2e) and E x = Ej. 
Adjusting V g or Ej provides arbitrary single qubit gates. 
Typically, E c is about 100 GHz and Ej is about 10 GHz. 
Other solid-state systems such as a double quantum dot 
qubit can be considered within a similar framework. 

Finally, the interaction @ has the universal form of a 
linear coupling via the coordinate x and the charge op- 
erator erf which characterizes the electrostatic coupling 
between the motional dipole and the charge. Note that 
this coupling is of the order of epi / Aireor 2 , for a given dis- 
tance ro with dipole pi and charge e, and is a factor of 
e-fo/pi stronger than the familiar dipole-dipole couplings 
encountered in quantum optics. Instead of a direct cou- 
pling of the dipole to the charge, we introduce an inter- 
action via a short superconducting cavity. This provides 
a mutual shielding of the qubits, e.g. from stray photon 
exciting quasiparticles which might impair the coherence 
of the charge qubit. Furthermore, this allows the in- 
teraction to be controlled by inserting a switch, e.g. a 
controllable Josephson junction (a SQUID). 

Coupling via a superconducting cavity. The transmis- 
sion line is described by a phase variable ip(z,t) |l6j . 
where z is the longitudinal direction of the cavity. The 
Lagrangian is 



C = 



2L 



dzip 2 



L 
2L 



r Jo 



M%f, (4) 



with C r the capacitance of the cavity, L r the induc- 
tance, and L is the length. The modes for a finite length 
transmission line cavity are the Fourier components of 
ip(z,t) = V2J2^Pn(t)cos(kz) with k = (2n + l)n/L 
for open boundary condition and n integer. When the 
cavity is made of two parallel cylindrical rods with a 
distance c?o and the rod radii 6o, the inductance is 
L r = Mo hi (do/bo)L/ir 3 and the capacitance is C r — 
AiT€oL/4hi (do/bo). For example, for do = 20 /im, feo = 
1 fj,m, L = 100 /im, which gives C r = 1 fF, L r 
10 pi I. the frequency of the first eigenmode of the cavity 
u; r /27r = 1.5 THz. Application of millimeter transmission 
lines in the microwave regime has been proposed for the 
interaction of charge qubits where the cavity mode is in 
resonance with the mibit[l7j. 

The coupling scheme is shown in Fig. ^a). The left 
end of the cavity capacitively couples with the ion as 
(Vi — ^>(0, t))ex/di, where di is the distance between the 
ion and the cavity and Vi is the voltage on trap elec- 
trode. The cavity couples with one of the trap electrodes 
by the capacitor C L . The right end of the cavity cou- 
ples with the charge qubit via a contact capacitor C m as 
C m (ifj(L,t) — ip) 2 /2. In our scheme, the cavity length is 
much shorter than the wave length of a microwave field 
that is characteristic of the energy of the charge qubit, 
so that the cavity can be represented by phases ipi,2 at 
the ends of the cavity. Each node is connected with the 



ground by a capacitor C r /2, and the two nodes are con- 
nected by the inductor L r , as is shown in Fig. Ufa). The 
conjugates of the phases obey the charge conservation re- 
lation p\ + p2 = 0, where the momentum operators pi.2 
are the total charge on the nodes. With the new variable 
tp = ipi — ip2 an( A its conjugate p^ = {pi — P2)/2, the 



interaction is H\, 



Hi with 



Pi 



2(C P /4) 



i> 2 



H 



_ ex/dj + CjVj 



P V + CgVg 



(•5) 



a/2 



f Cj + C g , and we have assumed C r ^> 
g . The equation includes the Hamiltonian 



where C t = C, 
Ci , C m , C j , C, 

of the cavity and the coupling between the cavity, the 
charge and the motion. The cavity mode is an oscillator 
with the eigenfrequency ui r = 2j \J L r C r . With a second 
order perturbation approach and replacing p v with etrf, 
we derive the effective coupling between the charge qubit 
and the ion motion, 



„(2) _ e C m X 
int r > \ j 



(6) 



where the coupling includes the effect of the gate voltage 
V g on the ion which shifts the trapping potential, and the 
effect of the trap voltage Vi on the charge qubit which 
can be avoided by designing a balance circuit (below). 
The cavity shortens the distance between the charge and 
the ion to the order of di with Hk = e 2 /2C r di where 
k is increased by a factor of 41n(<io/fro) r o/^i compared 
with the direct coupling. With C g ~ Cj = 0.1 fF and 
Ci~C m = 0.2 fF, k/2tt = 25GHz/d». 

A "fast swap" gate. A controlled phase gate, 
|ei).|ei), -» (-l) £ie2 |ei) s |ei) g (ei, 2 = 0, 1), together with 
single qubit rotations forms a universal set of operations 
required for entanglement and information exchange be- 
tween the ion and the charge. The swap gate, which is 
the key step for interfacing the ion and the charge qubit, 
can be achieved by three controlled phase gate together 
with Hadamard gates on the aubits|lS|. 

We construct a phase gate operating on nanoseconds, a 
time scale much shorter than the trap period, and not re- 
quiring the cooling of the phonon state with a eight-pulse 
sequence. Three evolution operators are used in this se- 
quence. The free evolution Uo(t) = exp (— iw v td\.a x \ 
where d x (a£) are the creation (annihilation) operator 
of the motion, is achieved by turning off the interactions 
k = ujr = and the energy H q . Entanglement between 
the motion and the spin state is obtained by applying 
short laser pulses with ujrt s = ir for n; times (k = H q = 
and ?!/ even): Ui(zini) = exp (— iziSkinia^x), where 
Zfe = ±1 is the direction of the photon wave vector and 
Ski is the momentum from one kick of the laser. The 
duration of the kicking r s is assumed to be much shorter 
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than other time scales. Entanglement between the mo- 
tion and the charge qubit is obtained by turning on the 
interaction k for time r q (H q = lur = and io v T q <C 1): 
U^irq) = exp(—iKT q alx). By flipping the charge qubit 
with single-qubit operation, the sign of the evolution can 
be flipped as U 2 (~ r q ) — o%U2{T q )a%. 
The gate sequence is 

U(T) = Ui(nf)U q (^)U (t 2 )Ui(-nl - n^U^-r] ~ r 2 ) 
y.U {tx)Ui{n\)U q {Tl) 



where the parameters fulfill njti = rifts and T q t\ 
Tqt2- For a free particle with mass m where Uo(t) 
e~xjp(—ip 2 t/2mH) 1 the evolution is equivalent to 

U(T) = e 



(7) 



e^'C/ (ii+t 2 )e- 



(8) 



where (j)' is a global phase, k l cS = 5kin\a s z + KT q af with 
i = 1,2, and a = hn5kiT q n\ti/mt2{ti + t 2 ). The mo- 
tional part factors out from the evolution of the qubits. 
Hence, the gate does not depend on the initial state of 
the phonon mode. For an oscillator by making the ap- 
proximation exp (—iuj u t) — * 1 — iuivt, the same result is 
obtained with the motional part replaced by Uo{ti+t2) — > 
exp (— iuj v (t\ + t2)a\.a x ). The fidelity is 1 — 0(u> 2 t 2 ) (the 
gate is exact for free particle) and can be increased by 
exploiting a low trapping frequency. For the phase gate 
a = 7r/4. This gives the total gate time 



T = 



1 



+ -jr) + ti + h (9) 

nft 2 



which shows that the limits of the phase gate are es- 
sentially set by the available Rabi frequency of the laser 
and the coupling k. We choose t± = t 2 = 5nsec. With 
Ski = 10 8 m _1 , n\' 2 = 10, for 9 Be + , the gate time is 
T = 14nsec; and for 43 Ca + , the gate time is T = 26nsec, 
much shorter than the decoherence time of the qubits. 

Decoherence of the combined system. In the interact- 
ing system of the ion, the charge qubit and the cavity, 
decoherence of any component affects the dynamics of 
the others. Decoherence of the ion trap qubit, and of 
the spatially separated Schrodinger cat states of ion mo- 
tion, as they appear as part of our gate dynamics, is well 
studied [22j. The dominant effect is decoherence of the 
charge qubit due background charge fluctuations, radia- 
tion decay, quasiparticle tunneling through the junction 
etc. Q . Here we concentrate on decoherence introduced 
by the cavity, which is the new element in the scheme, 
in particular the effect of excitation of quasiparticles in 
the superconducting transmission line generated by stray 
laser photons. 

The dissipation of the cavity is described by a resistor 
R r in series to the inductance L r . Following the two fluid 
model, the complex conductance of the superconductor 



is given by <t(uj) = o\ + ia 2 2(ll2lj for u lower than the 
quasiparticle gap A, with o~\ — n n e 2 T n /m proportional 
to the density of normal electrons n n , and 02 — n s e 2 /mui 
proportional to the density of superconducting electrons 
n s . With the penetration depth A (typically of the order 
of microns), we obtain R r — a\L / \a 2 b^. Without radi- 
ation, the quasiparticle density n n ~ n exp(— 2A/kgT) 
gives negligible resistance, and hence negligible dissipa- 
tion (no is the total electron density). However, with 
stray photons from the ion trap, quasiparticles are ex- 
cited which leads to a resistance of R T = R n (n ex /no), 
where n ex denotes the number of excited quasiparticles. 
The normal state resistance is R n ~ 10 4 Q with given 
parameters. 

The cavity loss can be modeled as a bosonic bath that 
couples to the cavity which then transfers the fluctuations 
to the qubits. With an imaginary time path integral 
approach^^, we derive the noise spectral density on the 
charge qubit: 



JH = (^) 2 w z e// Mcoth(^) 



2k B T' 



(10) 



where the effective impedance Z e ff is a capacitor (C r + 
C m ) /A in parallel to the series of the inductor L r and 
the resistor R r . The noise spectrum for the ion can be 
derived similarly. 

With the fluctuation-dissipation-theorem (FDT), the 
decoherence rate can be derived from the spectral den- 
sity. With uj <C l/y/L r C r , we have Z e ff w R r . The 
decoherence rates are then 



q Rr 2kgT C m . 2 



Rr 2ksT x r 2 



where R k = h/(2e) 2 is the quantum resistance and x r 
is the spatial displacement of the dipole. Consider the 
laser power of mW, and assume the absorbed power to 
be nW for a duration of 100 nsec. We have R r — i?„/10 5 . 
With the temperature T = 100 mK, 7^? = SOmsec^ 1 and 
7^ = 5sec _1 . This shows that the dominate decoherence 
is not the cavity loss compared with that of the charge 
qubit. 

Discussion. Combining two drastically different sys- 
tems naturally introduces technical questions of compat- 
ibility, such as the coexistence of an ion trap with a cavity 
and connected charge qubit. Ions can either be trapped 
with a Paul or a Penning trap, i.e. employing strong elec- 
tric or magnetic fields, while a mesoscopic charge qubit 
can not survive a magnetic field exceeding ~ 0.1 Tesla 
and a voltage exceeding ~ 1 millivolt. In the case of a 
Paul trap typically radio frequency fields up to 250 MHz 
are applied which, according to Eq. ©, couples to the 
charge qubit via the capacitor C;. For example, trap- 
ping a single 43 Ca + ( 9 Be + ) ion in a trap of the size of 
~ 20 urn ring diameter (or cap distance) requires Vt rap 
about 30 - 50 V at 100 - 250 MHz to achieve a trap depth 
of about 1 - 1.5 eV with corresponding trap frequencies 
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of 18 - 20 MHz. Thus capacitive coupling of the trap's 
drive frequency to the endcaps must be carefully compen- 
sated for by using tailored eletronic filter circuits. This 
is only schematically indicated in Fig. ^ m au exper- 
imental setups higher order filtering is routinely used. 
Thus, the voltage couples to the charge qubit is now 
CiVi + CibVib — ► where only a small residue voltage 
due to imperfect circuitry passes to the charge qubit. 
With a residue of 0.1 V which is far off resonance, the 
dynamics of the qubit is not affected significantly. We 
note that the balance circuit requires refined electronic 
filtering and feedback control circuitry. In the case of a 
Penning trap, by using a superconducting thin film that 
sustains high magnetic field or by using a cavity geome- 
try that separates the qubit from the trap, the qubit can 
coexist with the trap. 

Coupling of two ions via a cavity. Instead of coupling 
an ion to a charge qubit via a cavity, we can also couple 
two ions, albeit at the expense of a reduced coupling 
strength. This provides an alternative to the standard 
scenarios of scalable quantum computing with trapped 
ions, which are based on moving ions |23l With 
the geometry according to Fig. ^a), the ions couple to 
the ends of the cavity. The ion-ion Hamiltonian can be 
derived similar to above as 



H 4 . 



Hi + Hi 



X\X 2 



2(C r + 2Ci) d\ 



(12) 



where Hj' are the Hamiltonian for the two ions de- 
fined in Eq. JIJ, and the trap voltage can be included 
by replacing ex\,i.jdi — > eaq^/dj + CiVi. With an 
laser induced dipole of ex r , the interaction magnitude 
is 4\n(do/bo)e 2 x^./47TeodfL. Compared with the di- 
rect (free space) coupling between two dipoles with a 
distance L, the interaction is enhanced by a factor 
4\n(do/bQ)(L/di) 2 . Besides, the coupling has the advan- 
tage of being switchable: by inserting a switch, e.g. a 
tunable Josephson junction, in the circuit, the interaction 
can be turned on and off in picoseconds. The coupling 
is in principle scalable by fabricating multiple connected 
cavities. 

To conclude, we have studied a generic model and pro- 
tocol for coupling qubits stored in trapped ions and solid 
state charge qubits via a coaxial cavity. The present ex- 
ample illustrates prospects of combining and interfacing 
quantum optical and solid state systems, and may open 
new routes towards scalable quantum computing. 



Note added: After completion of this work, we found 
the preprint quant-ph/0308145, by A. S. Sorensen and 
et al, discussing coupling Rydberg atoms resonantly to 
superconducting transmission line. 
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FIG. 1: Schematic coupling circuit of the charge qubit and 
trapped ion. Top: the coupling via a cavity. The voltage at 
the electrode is balanced by a filtering circuit. Bottom left: 
coherent states of the motional mode. Bottom right: energy 
of charge qubit vs gate voltage. 



